The rapid emergence of drug-resistant malaria parasites during the course of an infection remains a major challenge for providing accurate treatment guidelines. This is particularly important in cases of malaria treatment failure. Using a previously wellcharacterized case of malaria treatment failure, we show the utility of using next-generation sequencing for early detection of the rise and selection of a previously reported atovaquone-proguanil (malarone) drug resistance-associated mutation.
D
evelopment of resistance to antimalarial drugs has become a major challenge. Molecular tools that can detect resistant alleles have been useful in population-based studies in tracking resistant parasites in countries where malaria is endemic. The detection of molecular markers of resistance has historically involved various PCR-based genotyping methods, such as sequence-specific PCR amplification, pyrosequencing, and Sanger sequencing of a genomic region containing one or more resistance mutations (1) (2) (3) (4) . One major limitation of these conventional genotyping methods is their detection limit of minor allele frequencies (MAFs). Some studies have reported that the detection of MAFs is limited to 15% to 30% of the population by Sanger sequencing or pyrosequencing (3, 5) . This is particularly important in the context of treatment failures, where treatment with an antimalarial drug can exert selection pressure on minor populations of drugresistant parasites. The inability of Sanger and/or pyrosequencing to detect minor alleles below certain thresholds can be overcome by the use of next-generation sequencing (NGS) methods, which can detect mutations with an MAF as low as 1% (6) .
In this report, we investigated the use of an NGS method for early detection of drug resistance mutations in an imported case of malaria in the United States that was ultimately shown to be a well-characterized case of atovaquone-proguanil treatment failure (7) .
A patient from the United States with a history of travel to Nigeria was diagnosed with uncomplicated Plasmodium falciparum malaria by microscopy and treated with the full 3-day treatment course of the drug combination atovaquone-proguanil (four 250/100-mg tablets once per day) on two occasions, once starting on day 0 (D0) and then again on D11. Four blood samples were obtained, on D0 prior to treatment, on D11 during a regularly scheduled follow-up visit, and on D34 and D35 when the patient presented with a recrudescent P. falciparum infection. DNA was extracted from the four whole-blood samples (D0, D11, D34, and D35) using the QIAamp DNA blood kit (catalog number 51104, Qiagen, USA). The cytochrome b gene (AIJ28900.1) from the P. falciparum mitochondrial genome was amplified using a high-fidelity polymerase (catalog number M530L, New England BioLabs, USA) with the forward primer 5=-CTATTAATTTAGTT AAAGCACAC-3= and reverse primer 5=-ACAGAATAATCTCTA GCACCA-3=. These are the same primers that were used in the previous Sanger-sequencing protocol (7) . Final amplicon products were cleaned using Agencourt AMPure XP beads (catalog number A63880, Beckman Coulter, USA) and visualized using gel electrophoresis. Sequencing-library preparation was performed using the Nextera XT v2 kit (catalog number FC-131-1024, Illumina, USA). Final amplicon purity and expected size were analyzed using the Bioanalyzer 2100 (Agilent, USA) prior to pooling the samples. Last, NGS was performed on an Illumina HiSeq 2500 using the SBSv2 kit. Final data quality filtering and analysis were performed using the Geneious R8 Pro v8.1.6 software. Only sequence reads with Ͼ200 bp, a Q20 score of Ͼ98%, and a minimum number (30) of low-quality bases were mapped to cytochrome b (AIJ28900.1), and polymorphisms were called only if they exceeded 2% of the total reads (MAF Յ 2%). Polymorphisms were considered only if they were found on both the forward and reverse paired reads. The average coverage for the entire cytochrome b gene for all six samples ranged from 270,000 to 900,000 reads.
Sanger sequencing of the cytochrome b gene, encoding the molecular target of atovaquone, confirmed P. falciparum infection and revealed a wild-type cytochrome b sequence on D0 and D11 (only a single chromatographic trace was present on these days) and a previously unreported nonsynonymous mutation, I258M, on D34 and D35 (7). In contrast, using NGS, the I258M mutation was found at 0.1% as early as D0, at 32.0% on D11, at 98.8% on D34, and at 99.1% on D35 (Fig. 1) , demonstrating the advantage of this method for the early detection of resistant alleles.
This finding shows that NGS allowed for the detection of lowfrequency mutations much earlier than that with conventional sequencing methods. While conventional methods such as Sanger sequencing provide longer read lengths (600 to 1,000 bp) than those provided by the latest Illumina sequencing platforms (250 to 350 bp), only one or two sequences are obtained per sequencing run, limiting the detection of minor alleles in a population. Next-generation sequencing is becoming more affordable and, on a per-sequence basis, is substantially cheaper than Sanger sequencing. The application of NGS in the context of treatment failures can detect drug resistance mutations before they are detectable by Sanger sequencing. While we detected the novel I258M mutation at 0.1% on D0, it was within the known 1% error margin of the Illumina sequencing platform and thus was not considered a real mutation (8, 9) . Mutations were considered only at an MAF of greater than 2% and if found on both the forward and reverse reads. Therefore, it is most likely that the I258M mutation arose de novo. Antimalarials, such as atovaquone, have been shown to frequently give rise to de novo mutations during the course of treatment (10) (11) (12) (13) . This case illustrates how NGS techniques can provide a high-resolution picture of both major and minor alleles in clinical specimens. This is particularly applicable to malaria, in which phenotype-based approaches are impractical to implement in a typical clinical microbiology laboratory. Due to decreasing costs and an increasing list of applications, including multiplexing with multiple pathogens, NGS may soon be routine in such laboratories to manage common infections, such as Clostridium difficile or HIV infections (14) . While analyzing for malaria resistance markers would not usually be the main focus in clinical microbiology laboratories, especially in countries with no malaria transmission, the flexibility of the NGS technology might allow easy incorporation of this additional capability (15) . For example, the MiSeqDx system has already been approved by the FDA for clinical laboratory use for identifying cystic fibrosis-associated mutations with a turnaround time from sample to analyzed result of 24 to 32 h (16) . Nonetheless, as an intermediate step, these technologies will first aid in the monitoring and follow-up of patients undergoing treatment for malaria rather than be used to guide immediate treatment at the presentation of the infection. In the future, not only would this technology permit the initial identification of the infecting malaria species, but it may also allow clinicians to rapidly select ideal antimalarial treatments at disease presentation and detect concerning mutations following the initiation of treatment.
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